Monoamines modulate neuronal differentiation, and alteration of monoamine neurotransmission during development produces specific changes in neuronal structure, function, and pattern formation. We have previously observed that prenatal exposure to cocaine in a clinically relevant animal model produces increased length of pyramidal neuron dendrites in the anterior cingulate cortex (ACC) postnatally. We now report that cocaine administered intravenously to pregnant rabbits at gestational stages preceding and during cortical histogenesis results in the early onset of hypertrophic dendritic outgrowth in the embryonic ACC. Confocal microscopy of DiI-labeled neurons revealed that the atypical, tortuous dendritic profiles seen postnatally in ACC-cocaine neurons already are apparent in utero. No defects in neuronal growth were observed in visual cortex (VC), a region lacking prominent dopamine innervation.
Monoamines modulate neuronal differentiation, and alteration of monoamine neurotransmission during development produces specific changes in neuronal structure, function, and pattern formation. We have previously observed that prenatal exposure to cocaine in a clinically relevant animal model produces increased length of pyramidal neuron dendrites in the anterior cingulate cortex (ACC) postnatally. We now report that cocaine administered intravenously to pregnant rabbits at gestational stages preceding and during cortical histogenesis results in the early onset of hypertrophic dendritic outgrowth in the embryonic ACC. Confocal microscopy of DiI-labeled neurons revealed that the atypical, tortuous dendritic profiles seen postnatally in ACC-cocaine neurons already are apparent in utero. No defects in neuronal growth were observed in visual cortex (VC), a region lacking prominent dopamine innervation.
In striking correlation with our in vivo results, in vitro experiments revealed a significant enhancement of spontaneous process outgrowth of ACC neurons isolated from cocaine-exposed fetuses but no changes in neurons derived from visual cortex. The onset of modified growth in vivo is paralleled by reduced D 1A receptor coupling to its G-protein. These data suggest that the dynamic growth of neurons can be regulated by early neurotransmitter signaling in a selective fashion. Prenatal onset of defects in dopamine receptor signaling contributes to abnormal circuit formation and may underlie specific cognitive and behavioral dysfunction.
Key words: prenatal cocaine; dendritic outgrowth; anterior cingulate cortex; development; dopamine; DiI; neurite; D 1 receptor; Gs Dysfunctions in neurotransmitter signaling contribute to the pathophysiology of numerous neurological disorders, which may in turn have origins in defective morphogenetic processes during brain development (Bloom, 1993; Weinberger, 1995; Levitt et al., 1997) . The growth and development of the CNS is a prolonged process, commencing in utero and extending beyond birth, and alterations of neurotransmitter balances in the fetus can affect critical phases of brain histogenesis . Monoamines, in particular, appear early in the developing mammalian CNS and act as morphogens (Molliver, 1982; Chubakov et al., 1986; Lauder, 1988; Mattson, 1988; Reinoso et al., 1996) . An important role for monoamines in pattern formation has been further elucidated by the characterization of mice lacking monoamine oxidase A (Cases et al., 1995 (Cases et al., , 1996 .
At least 1% of women use cocaine during pregnancy (National Institute on Drug Abuse, 1996) , and some studies suggest prevalence rates of 5-17% in urban regions (Day et al., 1993) . Monoamine uptake-storage mechanisms form early in development (Coyle, 1977; Moody et al., 1993) , and cocaine readily penetrates the placental barrier (Wiggins, 1992) . Cocaine can thus interfere with fetal monoamine uptake mechanisms (House, 1990; Meyer and Dupont, 1993; Shearman et al., 1996) and produce CNS deficits in offspring (Kosofsky et al., 1994; Lidow, 1995 ). An animal model of in utero intravenous cocaine administration has been characterized previously . Injection of low doses (2-4 mg/kg) of cocaine twice a day to pregnant rabbits produces long-lasting and specific effects on the structure and function of cortical neurons receiving dopaminergic innervation in the offspring, without altering general developmental parameters (Murphy et al., 1995 . For example, prenatal exposure to cocaine produces aberrant layer III/V dendritic outgrowth postnatally , an increase in GABA-immunoreactive neurons (Wang et al., 1995a) , and longterm uncoupling of the D 1 dopamine (DA) receptor from its G-protein in the anterior cingulate cortex (ACC) of offspring. These changes are not induced in the visual cortex (VC). Functional outcomes of prenatal cocaine exposure in this model include anomalous behavior on motor and discriminative tasks Romano and Harvey, 1996; Simansky and Kachelries, 1996) and altered regulation of DA release (Wang et al., 1995c; Du et al., 1999) .
In the present study, we administered cocaine before and during cerebral cortical histogenesis (Stensaas, 1967a,b) and analyzed the dendritic growth patterns of embryonic rabbit neurons to determine (1) how early in cortical development cocaine alters dendritic growth, (2) whether neurons exposed to cocaine in utero, when isolated in vitro, can recover and develop normally in culture in the absence of the drug, and (3) whether these alterations in dendritic growth are induced by a loss of D 1 receptor coupling. The results indicate that prenatal exposure to cocaine induces defects in the mechanisms that control neuronal differentiation and D 1 receptor signaling. These morphological alterations impressively persist even in dissociated cell culture conditions, providing a unique model system in which to study the cellular and molecular control of neuronal differentiation.
MATERIALS AND METHODS
Animals. Proven breeder Dutch-belted rabbits from Myrtle's Rabbitry (Thompson Station, TN) were used for these studies. They were housed individually in a 12 hr light /dark cycle with free access to food and water, and female rabbits were mated with a male rabbit ϳ1 week after arrival. The day of breeding was designated as embryonic day 0 (E0), and injections were initiated after implantation on E8. The injections were given intravenously (through the marginal ear vein) twice daily (8 A.M., 3 P.M.) from E8 until the day before animals were killed for studies of prenatal ages and until E29 for postnatal analyses. The dams received either 3 mg / kg of cocaine or an equal volume of saline as a control injection. This dose, administered from E8 through E29, induces abnormal ACC dendritic morphology postnatally, concomitant with D 1 receptor uncoupling and behavioral abnormalities (for review, see Levitt et al., 1997; Levitt, 1998) . This dose did not cause grand mal seizure activity or weight changes in pregnant dams, and gross parameters such as birth weight and litter size were normal as reported previously (Murphy et al., 1995 . Dams were given an overdose of sodium pentobarbitol (50 mg / kg), and embryos were removed at E21 or E24 for morphological analysis. Crown-rump lengths and external morphological features of ear pinnae and digits were monitored to assure the appropriate developmental stage (Stensaas, 1967b,c) . Embryos were harvested, and brains were isolated for use in DiI labeling of cortical pyramidal neurons, D 1 receptor coupling assays, or cell culture experiments. For simplicity, we refer to neurons analyzed from the saline-exposed fetuses as ACC -or VC -saline neurons and those from cocaine-exposed animals as ACC -or VCcocaine neurons.
In vivo dendritic anal ysis using DiI. Fetal rabbit brains were removed from the skull and immersed in 4% formalin for 1-2 weeks at 4°C. Brains were then blocked to reveal the ACC and VC. Labeling of projection neurons was achieved by placing DiI-coated glass spears in the white matter underlying the area of interest (either ACC or VC). The tissue slabs were returned back to fixative, and containers were wrapped in aluminum foil and incubated at 37°C for 3-5 d (Barbe and Levitt, 1992) . L onger incubation periods did not result in more labeling of cortical neurons. The slabs were embedded in 3% agar and sectioned in the coronal plane at 200 m using a vibratome and collected in PBS. The sections were mounted in glycerol-PBS and viewed on a Leica or Nikon microscope equipped with rhodamine fluorescence optics. Dendritic length was measured by collecting digitized images using the Bioquant True Color image analysis system (Memphis, TN). Dendritic trajectories were analyzed using a Leica confocal microscope system. Dendritic profiles of rabbit neurons at ages E21 and E24 (the majority of the DiI-labeled neurons at these ages reside in layers V and V I) were analyzed. There were no differences in the laminar distribution of DiI-labeled neurons as a f unction of drug treatment. For all digitized images, a landmark was placed at the center of the cell body, and the length of individual apical dendrites was traced and measured. For each animal, an average length was calculated from at least seven neurons in ACC and VC of each animal, and the mean length between control and experimental groups was determined (five at each fetal age for each group). A population analysis of dendritic length distribution was performed such that lengths for all neurons were grouped into 25 m intervals, and the percentage of dendritic profiles belonging within these different intervals was plotted. A 2 test was performed to determine statistical significance of changes in length distribution.
In vitro anal ysis of neurite outgrowth. Primary neuronal cultures were prepared from ACC and VC areas of saline controls and cocaine-exposed rabbit embryos using slight modifications of previously published methods (Reinoso et al., 1996) . Embryos were removed for analysis at E21, corresponding to the latter period of neurogenesis in the rabbit (Stensaas, 1967a,b) . Using the rostrum, genu, and splenium of the corpus callosum as landmarks, the VC and medial frontal cortex that includes the ACC were removed from each embryo and cut into small pieces (ϳ2 mm 2 ) in Earle's balanced salt solution. Tissue was then incubated in 0.35% collagenase-dispase for 1 hr at room temperature, and a cell suspension was prepared by repeated trituration using a fire-polished Pasteur pipette. C ells were then plated at low density (5 ϫ 10 4 /cm 2 ) onto poly-L-lysine-coated coverslips in 16-mm-diameter tissue culture wells. The cells initially were incubated in fetal bovine serum-supplemented media for 3 hr to enhance attachment, then switched to N2-supplemented glia conditioned media (GC M) (Bottenstein, 1985) and maintained for 2-4 d. The GC M was harvested from neonatal rat cerebral cortical glial cultures (Morrison and de Vellis, 1984) and was found to provide the best condition for neuronal survival and baseline growth of the rabbit cell cultures (data not shown). The procedure for harvesting GC M has been described previously (Reinoso et al., 1996) . C ells were incubated in the chemically defined neuron -glial medium, modified from Bottenstein (1985) and Morrison and de Vellis (1984) . C ells were maintained in culture for 48 -96 hr, fixed, and stained as described previously (Reinoso et al., 1996) at 1:100 with a polyclonal antibody against the somatodendritic marker M AP2 (Crandall and Fischer, 1989 ) (generous gift of Dr. Itzhak Fischer, Medical College of Pennsylvania-Hahnemann) and at 1:50 with a monoclonal antibody against the early phosphorylated form of neurofilament protein (N Fp-H) (Pennypacker et al., 1991) . The coverslips were washed and then incubated in secondary anti-rabbit IgG-FI TC and anti-mouse Ig M-Texas Red (Jackson Immunoresearch).
The coverslips containing immunocytochemically labeled neurons were analyzed using Leica fluorescence optics (20ϫ objective). A horizontal or vertical sweep of each coverslip was performed to analyze 12 individual fields, and the fraction of each field (0.15 mm 2 ) occupied by M AP2 or N Fp-H staining was measured (area fraction analysis). Soma number and size were determined (M AP2-positive cells) and used to obtain a net area fraction, based on neurites per field. This method of analysis was performed, rather than measuring lengths of individual neurites, because outgrowth in the cultures harvested from the cocaineexposed embryos, even by 48 hr, was too extensive to allow consistent tracing of individual processes. Plating at lower densities permitted direct measurement of neurite length in cocaine-treated cells, but under these very low density conditions, neurons from saline-exposed embryos failed to thrive in culture, precluding direct comparisons (data not shown). The data were collected from five coverslips in each of four to five experiments using different litters. The values are expressed as mean net area fraction, and statistical significance was determined by the Mann -Whitney U test.
Coimmunoprecipitation of D 1A dopamine receptor with G␣s protein. Determination of the linkage between receptor and G-protein was performed as described previously (Wang et al., 1995b; Friedman et al., 1996) . Medial frontal cortex including the ACC was dissected from E15, E22, E25, postnatal day 1 (P1), and P20 rabbits and homogenized in 10 vol of buffer containing 25 mM H EPES, pH 7.5, 2 mM MgC l 2 , 1 mM EDTA, 0.2% 2-mercaptomethanol, 50 g /ml leupeptin, 25 g /ml pepstatin A, 5 g /ml aprotinin, 0.01 U/ml soybean trypsin inhibitor, and 0.04 mM PMSF. The homogenate was centrif uged at 800 ϫ g for 5 min, and the supernatant was centrif uged for 10 min at 49,000 ϫ g. The resulting pellet was washed and resuspended in immunoprecipitation buffer containing 100 mM Tris-HC l, pH 7.5, 200 mM NaC l, 2 mM MgC l 2 , 1 mM EDTA, 0.2% 2-mercaptomethanol, 50 g /ml leupeptin, 25 g /ml pepstatin A, 0.01 U/ml soybean trypsin inhibitor, and 0.04 mM PMSF. Fifty micrograms of membrane proteins were solubilized in 1 ml of the immunoprecipitation buffer supplemented with 0.2% cholate and 0.5% digitonin. Solubilized tissues were precleared by the addition of normal rabbit serum (1:100 dilution) at 4°C for 60 min followed by 30 min incubation with 100 l of a 10% suspension of protein A-bearing Staphylococcus aureus cells (Pansorbin cells). The suspension was centrif uged, and the supernatant was combined with antisera (1:1000 dilution) raised against a specific G␣s peptide and incubated for 3 hr followed by an additional 30 min with 100 l of Pansorbin. After centrif ugation, the pellet was suspended in 100 l of sample preparation buffer and boiled for 5 min. The D 1A dopamine receptors in the immunoprecipitates were assessed by immunoblotting using a monoclonal D 1A dopamine receptor antibody (RBI; 1:1000 dilution).
Immunoblot anal ysis. T wenty-five micrograms of membrane proteins were solubilized in sample preparation buffer, and proteins were separated by SDS-PAGE (12%) and transferred electrophoretically to nitrocellulose membrane (NC). The completeness of the transfer was checked by Coomassie blue staining of the gel. The NC s were incubated at 4°C overnight with 10% nonfat dry milk in PBS containing 0.1% T ween 20 (0.1% TBS) to block nonspecific sites. The NC preparation was washed with 0.1% TBS and incubated for 2 hr with G␣s antiserum at 1:2000 dilution or with specific D 1A dopamine receptor antibody at 1:1000 dilution. The unbound antibody was washed out with 0.1% TBS. The blot was incubated for 60 min with 1:10,000 dilution of HRP-conjugated anti-rabbit IgG (for G␣s protein blot) or anti-mouse IgG (for D 1A dopamine receptor blot) followed by washing in 0.3% and 0.1% TBS. The immunoreactive proteins were detected by the ECL Western blot detection system and visualized by exposure to x-ray film. The blots were quantified using laser densitometry. Data are presented as mean Ϯ SE. T wo-tailed ANOVA was used to compare the data among the groups followed by the Newman -Keuls test. Significance was considered at p Ͻ 0.05.
RESULTS

DiI-labeled dendrites of cortical projection neurons
The morphology of the apical dendrites of early differentiating neurons was assessed by examining DiI-labeled neurons at E21 and E24 in the rabbit ACC and VC. ACC dendrites of layer V and VI neurons were visible in both the saline controls and the cocaine-exposed fetuses. Dendrites of the saline controls were very straight and thick, as described by Stensaas (1967c) using Golgi impregnation. The dendrites typically extended to the marginal zone and could be traced without altering microscope focus, indicative of outgrowth in a straight path. Most labeled dendrites of ACC-cocaine neurons also reached the marginal zone but could only be traced with changes in the focal plane (Fig. 1) .
Quantitative analysis of mean dendritic length in the E21 ACC-cocaine group revealed a 25% increase compared with controls (Fig. 2 A) . Population analysis of the distribution of Figure 1 . Photomicrographs display representative sections of anterior cingulate cortex neurons labeled with DiI in saline-exposed ( A) and cocaine-exposed ( B) E24 rabbit fetuses. In the saline sample, arrows indicate a neuron the dendrites of which can be followed from its origin at the cell soma toward the pial surface. In the cocaine sample, arrows denote several apical dendrites that leave the plane of section. Scale bar, 50 m. C, Higher-power photomicrograph of a neuron from a cocainetreated E24 fetus the dendrite of which courses out of the plane of section but later returns near the marginal zone (arrows). This type of profile was regularly observed in cocaine-treated animals but rarely seen in saline controls. The arrowhead denotes the dendrite of a different cell the soma of which is out of the plane of the section. Scale bar, 25 m. Figure 2 . Quantitative analysis of apical dendrites from the anterior cingulate cortex of E21 saline and cocaine pups. A, The average apical dendritic length (in micrometers) at E21 is 25% longer in the cocaineexposed pups compared with the saline controls. B, Note the sevenfold increase in the number of dendrites measuring Ͼ100 m in cocaineexposed embryos compared with saline controls. Statistical significance, p Ͻ 0.01. dendritic lengths revealed an even more striking effect. Approximately 30% of the ACC apical dendrites in the saline pups were longer than 75 m, whereas more than twice as many of the total dendritic population in the cocaine-exposed fetuses (Fig. 2 B) were this category. These data indicate that as early as E21 the dendrites of neurons in the ACC-cocaine pups are considerably longer than their normal counterparts within the early developing cortical plate.
By E24, nearly all cortical neurons have been generated, with neurons destined for layers VI-III located in their appropriate laminae. Morphological analysis of DiI-labeled ACC-cocaine dendrites in E24 ACC revealed a 73% increase in mean length (Fig. 3A) . Moreover, although only 5% of dendrites measured were Ͼ150 m in the ACC-saline group, ϳ70% of the dendrites in the ACC-cocaine fetuses reached or exceeded 150 m (Fig.  3B) . No such differences were apparent in the VC of cocaineexposed fetuses, at either E21 or E24 (Fig. 4) , indicating regional specificity of the effects of cocaine exposure.
Dendritic growth patterns in vitro
We next sought to determine whether in utero cocaine exposure during corticogenesis causes defects in mechanisms that regulate growth of ACC neurons. Short-term monolayer cultures were prepared of neurons isolated at E21, the peak of neurogenesis in rabbit cerebral cortex, from saline controls and embryos exposed to cocaine in utero beginning at E8. After 4 d in culture, neuronal processes of ACC-cocaine (Fig. 5B ) cells appeared longer and thicker compared with neurites of the same population of cells from saline controls (Fig. 5A) . In contrast, no appreciable difference in neurite morphology was observed between VC-saline and VC-cocaine cells (Fig. 5C,D) . The pattern of MAP2 staining of the E21 ACC cultures revealed marked differences in growth between groups. Neurons from saline-exposed embryos usually had two to four processes, with very few cells exhibiting long or branching neurites (Fig. 5A) . In striking contrast, ACC-cocaine neurons exhibited longer, more complex fiber networks (Fig. 5B ) compared with the ACC-saline, VC-saline, and VC-cocaine neurons. In most ACC cultures of cocaine-exposed cells, the profiles of MAP2-positive neurites were difficult to trace because of the . Quantitative analysis of visual cortical dendritic lengths (in micrometers) in saline or cocaine-exposed E21 and E24 embryos. Dendritic lengths did not vary between the saline and cocaine-exposed E21 and E24 embryos in this DA-poor brain region.
high process density, although soma density did not appear to differ (see below).
Determination of net area fraction, the extent of neurites that occupy the culture substratum, revealed a 60% increase of MAP2-stained processes (Fig. 6 A) in cocaine-exposed E21 embryos compared with saline controls. Importantly, soma density was not significantly different from cultures derived from salinetreated embryos (122 Ϯ 11 MAP2-positive cells per field for saline-exposed cultures; 124 Ϯ 16 MAP2-positive cells per field for cocaine-exposed cultures). Furthermore, the soma area of 50 cells per coverslip were measured in two separate culturing sessions (total of six coverslips per drug condition) and did not differ between saline-and cocaine-exposed cells (66.6 Ϯ 3.1 m 2 for saline-exposed cells; 70.0 Ϯ 5.3 m 2 for cocaine-exposed cells). This affirms that the increases in net area fraction in ACCcocaine neurons are attributable to increases in neurite length and/or branching complexity.
Expression of the early phosphorylated form of NFp-H may reflect maturation of axonal processes (Dotti et al., 1988; Pennypacker et al., 1991) , and most embryonic neurons grown for 4 d in vitro only exhibited faint NFp-H staining, with very few labeled neurites. Most of the staining was nuclear, caused by crossreactivity of the antibody with a common histone linker protein (Pennypacker et al., 1991) . This pattern of staining, typical of cortical cultures in rodents (Pennypacker et al., 1991; Reinoso et al., 1996) , was observed in the saline-exposed preparations from ACC and VC, but the NFp-H staining of ACC-cocaine neurons was more intense. However, area fraction analysis did not reveal a statistically significant change in NFp-H staining (Fig. 6 B) . This appears to be attributable to greater variability in the patterns of NFp-H staining between experiments.
D 1 receptor uncoupling from G␣s
We have previously demonstrated that prenatal exposure to cocaine during E8 -E29 leads to a pronounced reduction of D 1 dopamine receptor-mediated activation of Gs proteins in the ACC and striatum of P10, P50, and P100 offspring (Wang et al., 1995b; Friedman et al., 1996) . D 1 receptor activation inhibits neurite outgrowth of rodent cortical neurons in culture (Reinoso et al., 1996) . We thus hypothesized that reduced D 1 dopamine receptor coupling to G␣s produced by cocaine in utero may contribute to the aberrant, excessive outgrowth that we observed as early as E21. We therefore examined whether D 1 receptor uncoupling is produced by in utero cocaine exposure at these embryonic ages. Coupling was assessed by coimmunoprecipitating D 1A dopamine receptor protein with G␣s antiserum from solubilized cortical membrane preparations that were exposed to buffer (control) or dopamine. Although dopamine elicited an increase in coimmunoprecipitation of D 1A receptor protein with Gs in frontal cortex of saline rabbits, in utero cocaine markedly reduced coupling (Fig. 7) . Incubation with 1 M dopamine elicited four-to sevenfold increases in receptor-G␣s coupling in membranes obtained from saline-exposed offspring aged E22 through P20. This response was completely obviated in fetuses exposed to cocaine (E22 and E25) and was Ͼ80% reduced at the postnatal ages. These data are consistent with the hypothesis that a loss of D 1 dopamine receptor-mediated inhibition of process elongation may underlie the aberrant growth of the apical dendrites of pyramidal neurons after fetal cocaine exposure. This state of reduced coupling is maintained throughout the postnatal life of offspring exposed to cocaine in utero (Fig. 7) (Wang et al., 1995b; Friedman et al., 1996) .
DISCUSSION
Effects of cocaine on cortical development
Cocaine is a potential teratogen with multiple mechanisms of inducing neurotoxicity (El-Bizri et al., 1991; Olsen, 1995) . Descriptions of cocaine-induced modifications in behavior and function range from specific to global (Spear et al., 1989; Chen et al., 1993; Barron and Irvine, 1994; Kosofsky et al., 1994; Lidow, 1995; Vorhees et al., 1995; Wood et al., 1995; Levitt et al., 1997; Levitt, 1998) . This widespread variability probably reflects the use of different species and administration paradigms (Dow-Edwards, 1996; Levitt, 1998) . Ironically, the mode of cocaine administration in animal studies that most closely models the human pharmacokinetics is underrepresented, i.e., intravenous delivery (Dow-Edwards, 1996; Levitt, 1998 ). The rabbit model of intrave- nous cocaine use thus provides an opportunity to examine specific changes in ontogeny at low doses. There are no alterations in maternal weight, litter size, pup weight (at birth and throughout postnatal development), cortical thickness, laminar width, and cell number after doses up to 4 mg/kg per injection (Murphy et al., 1995; Wang et al., 1995a) . Murphy et al. (1997) showed that 3 mg/kg induced identical morphological changes in the ACC of rabbits prenatally exposed to the 4 mg/kg dose of cocaine, and therefore we selected that dosage for our current study.
Animal models of drug exposure may be subject to caveats because of potential problems in maternal-infant care Levitt, 1998) . Although our detailed analyses of the model has reduced the likelihood of such a mechanism to account for the observed developmental changes, our hypothesis of a specific cellular alteration in growth mechanisms is strongly supported by the current finding that cocaine-induced changes in neuronal growth are initiated around midgestation.
There was a threefold increase in the number of ACC-cocaine dendrites exceeding 75 m as compared with saline control at E21, hypertrophic growth that was not apparent in the VCcocaine group. The morphological alteration in the ACC-cocaine group was apparent within 1 week after the genesis of layer V neurons. Altered dendritic growth was even more pronounced in the ACC of E24 cocaine-exposed embryos, where the number of dendrites exceeding 150 m was sevenfold greater than in the ACC-saline group. When administered intravenously, cocaine accumulates in DA-rich regions of the brain (Madras and Kaufman, 1994 ) and blocks DA reuptake (Meyer and Dupont, 1993) . These observations are consistent with our findings of cocaineinduced alterations in the ACC, an area receiving a dense DA input, but not in the VC, a region receiving a sparse DA input (Fuxe et al., 1974; Reader et al., 1979; Goldman-Rakic and Brown, 1982; Levitt et al., 1984; Descarries et al., 1987) . We have observed similar cocaine-induced morphological changes in the medial prefrontal cortex (a DA-rich area) but not in somatosensory cortex (DA-poor area) of rabbits exposed to cocaine in utero (our unpublished observations).
ACC-cocaine dendrites were longer and wavy, in marked contrast to the straight, single-plane path of VC-cocaine and ACC/ VC-saline dendrites. Because the thickness of the cerebral cortex is not significantly different between saline-and cocaine-exposed pups (Wang et al., 1995a) , the wavy dendritic profiles within the ACC-cocaine group may reflect a compensatory mechanism to counteract a more rapid rate of increase in the length of apical dendrites. Interestingly, mice with a null mutation in the L1 cell adhesion molecule gene also possess undulating apical dendrites of layer V pyramidal neurons, but in this case the altered processes are present in somatosensory, visual, and motor cortex (Demyanenko et al., 1999) .
Our cell culture studies of neurons from fetal rabbits allowed us to examine the growth of neurites in an environment without additional cocaine, to establish whether prenatal cocaine exposure was sufficient to induce alterations in the basic properties of neuronal growth. It is important to note that cell survival, based on the number of MAP2-positive cells per coverslip, and soma area were the same, regardless of the origin (cocaine or saline) of the fetal tissue. The lack of significant differences in neuronal soma area and density among all groups affirms that the changes in net area fraction in ACC-cocaine neurons are attributable to changes in neurite length and/or branching complexity. Analyses of E21 ACC cultures revealed clear differences between cocaine and saline groups because cocaine-exposed neurons exhibited longer and more complex fiber networks than did VC-cocaine and ACC/VC-saline neurons. The advanced polarity and greater outgrowth by the same time in culture as the matched saline neurons indicates a faster maturation rate and outgrowth of neurites in the ACC-cocaine group.
Possible mechanisms involved in cocaine-induced abnormal neuronal growth
The present data suggest that prenatal exposure to cocaine induces an early desensitization of D 1 receptor activation in the fetal ACC. The reduction in D 1 dopamine receptor-Gs coupling is not caused by changes in the amount of G␣s protein, as determined by immunoblot analysis. Furthermore, levels of D 1 Figure 6 . Quantitative analysis of MAP2-stained ( A) and NF-H-stained ( B) culture preparations from E21 medial frontal cortex including the anterior cingulate cortex (ACC) and visual cortex (VC). A, MAP2-stained E21 ACC cultures revealed a 50% increase in the net area fraction of the cocaine-exposed cultures as compared with the saline, suggestive of longer or a greater number of neurites; *p Ͻ 0.05. There was no effect in cultures derived from the VC. B, Likewise, E21 NF-H-stained cultures revealed a trend toward an increase in net area fraction of the cocaineexposed as compared with the saline cultures, although this was not statistically significant. The effect was not present in VC cultures.
receptor protein do not appear to be altered by cocaine at the prenatal and postnatal day tested. These data are consistent with previous analyses of D 1 dopamine receptor densities at postnatal ages up to 100 d (Wang et al., 1995b; Friedman et al., 1996) . These previous reports also showed selectivity of the effect because D 2 dopamine receptor activation of G␣i was not altered by in utero cocaine exposure. These results therefore indicate that D 1 receptors are uncoupled from G␣s soon after the onset of normal differentiation in cocaine-exposed animals. Further confirmation that loss of D 1 receptor signaling contributes to abnormal regulation of dendritic outgrowth after prenatal cocaine is suggested by our recent observation that morphological alterations may be present in the ACC of D 1 receptor knockout mice (data not shown).
The observed increase in MAP2 staining in vitro is almost certainly attributable to morphological alterations and does not reflect an alteration in the intracellular distribution of MAP2 protein. In this regard, earlier studies of ACC dendritic organization in the rabbit model have confirmed that the anomalous MAP2 staining reflects an increase in dendritic length. Antibody staining against ␣-tubulin and Golgi silver impregnation showed a staining pattern identical to anti-MAP2, suggesting that these changes do not reflect an alteration in the expression or intracellular distribution of MAP2 protein . Second, our direct analysis of dendritic length after confocal analysis of DiI-filled neurons clearly shows that the apical dendrites of cocaine-exposed ACC neurons are significantly longer than those of saline-exposed controls. Last, phase-contrast photomicrographs of the cultured rabbit material reveal clear increases in neurite length in the cocaine condition (data not shown).
The in vitro pattern of neurite outgrowth in control and experimental groups, which parallels growth patterns seen in vivo, provides compelling evidence for a drug-induced alteration of neuronal responsiveness and intrinsic properties of neurons. We have previously observed that D 1 receptor activation decreases neurite outgrowth in rodent cortical neurons in vitro, whereas D 2 receptor stimulation increases process extension (Reinoso et al., 1996) . Similar findings have been observed by other investigators (Lankford et al., 1987; Rodrigues and Dowling, 1990; Todd, 1992) .
Moreover, synergistic interactions between D 1 and D 2 receptors have been documented, such that full expression of certain DA-mediated effects requires concurrent stimulation of both receptor subtypes (Clark and White, 1987; Seeman et al., 1989; Spealman et al., 1992) . If such synergistic actions operate in the fetal cerebral cortex, then a lack of D 1 receptor and Gs coupling is likely to disrupt D 1 /D 2 receptor synergism during development. When this is viewed from the perspective of DA receptormediated effects on neurite outgrowth (Reinoso et al., 1996) , a mechanism to explain the cocaine-induced morphological changes involves the loss of the D 1 receptor-mediated inhibitory control over a D 2 receptor-mediated enhancement of neurite outgrowth. In this model, D 1 /G␣s uncoupling could potentiate D 2 receptor-mediated neurite outgrowth. A potential caveat to this interpretation is the unknown proportion of ACC neurons during development that coexpress D 1 and D 2 receptors. In the adult rat prefrontal cortex, most D 1 and D 2 receptors may be localized on different neurons, with only 25% of neurons bearing colocalized D 1 and D 2 receptors (Vincent et al., 1995) .
A second potential mechanism of the actions of cocaine on the developing CNS invokes a dopamine-glutamate interaction. Layer III and V pyramidal neurons are glutamatergic (Streit, 1984) , and D 1 receptors are localized on the dendritic spines of these neurons (Smiley et al., 1994) in specific regions of the cerebral cortex (Boyson et al., 1986; Fremeau et al., 1992) . It is thus possible to disrupt signaling interactions between these neu- rotransmitters on the same neurons. Moreover, dopamine and glutamate influence each other's effects on neuronal responsiveness, primarily through D 1 and NMDA receptors, respectively (Cepeda et al., 1993; Pralong and Jones, 1993) , and experimental evidence supports the idea that dopamine-glutamate interactions are affected by cocaine (Karler et al., 1994; Cervo and Samanin, 1995) . In some experimental systems, NMDA activation can induce neurite outgrowth in vitro (Lipton and Kater, 1989; Rashid and Cambray-Deakin, 1992) . Thus a cocaine-induced D 1 receptor uncoupling from G␣s could result in an imbalance in dopamine-glutamate signaling mechanisms (Halpain et al., 1990 ) and a disinhibition of NMDA receptor-mediated process elongation.
The early developmental onset, before birth, of changes in neuronal growth in DA-rich areas establishes long-term structural and biochemical defects. Prenatal exposure to cocaine produces a complex cascade of changes that result in specific cognitive and behavioral defects Romano and Harvey, 1996; Simansky and Kachelries, 1996) , many of which may be produced by the sustained disruption of D 1 receptor signaling. The impact of in utero exposure to cocaine on structure-function relationships in DA-rich areas of the CNS will be the focus of future studies.
